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A B S T R A C T
Reconstructions of past seafloor age make it possible to quantify how plate tectonic forces, surface heat flow,
ocean basin volume and global sea level have varied through geological time. However, past ocean basins that
have now been subducted cannot be uniquely reconstructed, and a significant challenge is how to explore a wide
range of possible reconstructions. Here, we investigate possible distributions of seafloor ages from the late
Paleozoic to present using published full-plate reconstructions and a new, efficient seafloor age reconstruction
workflow, all developed using the open-source software GPlates. We test alternative reconstruction models and
examine the influence of assumed spreading rates within the Panthalassa Ocean on the reconstructed history of
mean seafloor age, oceanic heat flow, and the contribution of ocean basin volume to global sea level. The re-
constructions suggest variations in mean seafloor age of ~15 Myr during the late Paleozoic, similar to the
amplitude of variations previously proposed for the Cretaceous to present. Our reconstructed oceanic age-area
distributions are broadly compatible with a scenario in which the long-period fluctuations in global sea level
since the late Paleozoic are largely driven by changes in mean seafloor age. Previous suggestions of a constant rate
of seafloor production through time can be modelled using our workflow, but require that oceanic plates in the
Paleozoic move slower than continents based on current reconstructions of continental motion, which is difficult
to reconcile with geodynamic studies.
1. Introduction
The temporal evolution of oceanic lithosphere exerts a first order
control on seafloor subsidence and heat flow. Consequently, global
maps of present-day seafloor depth and heat flow are closely related to
spatial variations in seafloor age, and reconstructions of past seafloor
age distributions make it possible to estimate past oceanic heat flow
regimes, bathymetry, and water-carrying capacity that influences long-
term global sea-level change. These reconstructions are a key step to-
wards fundamental goals in Earth evolution, including estimating rates
of crustal production and destruction (Seton et al., 2009), the kinematic
characteristics of plates and their boundaries (Torsvik et al., 2010;
Williams et al., 2015), the volume of the ocean basins and its influence
on global sea level (Müller et al., 2008), the Earth’s rate of heat loss
(Loyd et al., 2007; Becker et al., 2009), and fluxes of water between the
oceans and Earth’s mantle (Karlsen et al., 2019) through geological
time.
Previous studies have derived maps of seafloor age from Cenozoic (Xu
et al., 2006) or Jurassic (Müller et al., 2008) times to present day, and
suggest substantial fluctuations in the mean age of seafloor, and conse-
quently global sea level and surface heat flow. Methods have been
developed to support plate reconstructions that describe the full topology
of plate boundaries and plate kinematics (Gurnis et al., 2018; Müller
et al., 2018). Full plate reconstructions have recently been developed
which extend much further back in geological time, covering the late
Paleozoic period (e.g. Domeier and Torsvik, 2014; Young et al., 2019).
A challenge for all these reconstructions is that more than half of the
Earth’s surface is covered by crust formed since 120 Ma (Torsvik et al.,
2010), with the remaining area being covered predominantly by oceanic
lithosphere within the Tethys, the Pacific/Panthalassa ocean basins, and
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their predecessors. This limitation led Cogne and Humler (2008) to
quantify past variations in mean seafloor age from proxy values inferred
from the configuration of the continents rather than attempting to
reconstruct the oceans explicitly. For much of theMesozoic and Cenozoic,
subducted oceanic lithosphere has now been reconstructed by interpret-
ing relict slabs in seismic tomography (e.g. Van der Meer et al., 2012), as
well as comparing the signatures in tomography with results from
paleogeographically-constrained numerical models of mantle flow (e.g.
Becker and Boschi, 2002). For pre-Jurassic times these methods are less
relevant, and the history of ocean basin tectonics must instead be inferred
from the motions of surrounding continental blocks, including geological
evidence such as paleomagnetic measurements and ophiolites, and con-
ceptual tectonic rules (Domeier and Torsvik, 2017; Tetley et al., 2019).
Though poorly constrained, the kinematics of oceanic plates within these
reconstructions are nonetheless important in defining the convergence
rates and subduction volumes which have been related to the geological
record (Domeier et al., 2018; Hounslow et al., 2018), andwhich influence
the results of numerical models (e.g. Zhang et al., 2010; Young et al.,
2019). Nevertheless, the reconstruction models are non-unique. There-
fore, the major challenge is not just how to derive maps of seafloor age
distribution for individual scenarios, but how to efficiently explore a range
of scenarios that could all be reconciled with available constraints given
the large degrees of freedom. It is then possible to examine the implica-
tions of these models for changes in mean seafloor age, and how this may
have contributed to changes in global sea level and oceanic heat flow.
Here, we first illustrate a generalised workflow to reconstruct maps of
synthetic seafloor age based on global, full-plate topological re-
constructions. The method is built on the foundations of the open-source
GPlates software (Müller et al., 2018), and the concept of topological
plate reconstructions outlined by Gurnis et al. (2018), and so is appli-
cable to topological rigid plate reconstructions developed using these
tools (e.g. Domeier and Torsvik, 2014; Müller et al., 2016; Merdith et al.,
2017). The code is written in Python built on the GPlates Python Appli-
cation Programming Interface (API) pyGPlates, and is open-source (Wil-
liams, 2019).
Using this workflow, we generate maps of seafloor age through time
based on published reconstruction models, and use these maps to
quantify what these reconstructions imply for changes in modelled values
for mean seafloor age and ocean basin volume, as well as crustal pro-
duction, subduction volumes and oceanic heat flow. We present results
for two alternative reconstruction models that cover the last 410 million
years (Matthews et al., 2016; Young et al., 2019). Importantly, we also
explore the sensitivity of results to the arbitrarily imposed values from
spreading rates at ridges within the Panthalassa Ocean. Finally, we
discuss the results and their limitations in relation to previous observa-
tions and models for the long-term evolution of the Earth system.
2. Methods
We use reconstructions of past plate motions and plate boundary
configurations with continuously closing plate polygons (Gurnis et al.,
2018), in which the shapes of plate polygons vary continuously as a
function of time, representing the growth and destruction of plate area at
mid-ocean ridges and subduction zones respectively. Topological plate
models are defined to ensure that the plate network at any given
reconstruction time covers the entire Earth surface (including now sub-
ducted crust), and therefore the motion of any parcel of crust is explicitly
defined. Within each plate, the motion of points is assumed to be
described by rigid-body rotations on a sphere, although regions of
deformation may also be included (Gurnis et al., 2018). Each plate
boundary is encoded following the definitions of the GPlates Markup
Language (GPML; Qin et al., 2012) with a GPML ‘type’ such as ‘Sub-
ductionZone’ or ‘MidOceanRidge’. We use the plate boundaries encoded
as ‘MidOceanRidge’ to define locations of new seafloor generation
(therefore differentiating these boundaries from other types of divergent
plate boundaries such as continental rifts).
Reconstructing the seafloor age distribution from a topological plate
reconstruction can be divided into several broad conceptual problems
(Fig. 1): (1) reconstructing the seafloor ages for seafloor formed during
the time covered by the reconstruction; (2) inferring the seafloor age
distribution at the oldest time for which a reconstruction is available; and
(3) tracking individual elements of seafloor through time so that they
respond to changes in the geometry of oceanic plates (e.g. splitting of
single plates into two, merging of multiple plates into a single plate) and
are removed from the distribution when subducted. The concept of
reconstructing feature geometries using topologies was introduced in
Müller et al. (2018), and we apply it here to the problem of tracking
points within the oceans throughout their lifespan.
2.1. Seafloor age distribution at reconstruction start time
For the distribution of seafloor age at the oldest available recon-
struction time, we use the distance of each point within the ocean basins
from the nearest mid-ocean ridge as a proxy for seafloor age, following
Loyd et al. (2007) who used this distance as a proxy for Cenozoic and
Mesozoic seafloor age distributions. The approximated seafloor ages at
this initial reconstruction time are derived by dividing the distance to the
nearest ridge by a constant value equivalent to reasonable half-spreading
rates—we use 35 mm/yr as the default value. We only consider the
distance to the nearest ridge bounding the plate containing each
point—for the reconstructions considered here, a small proportion of
points lie within plates that have no bounding ridge, and the distance for
these points is set to a uniform value of 5000 km. The sensitivity of the
time sequences of seafloor age global maps to the assumed initial
half-spreading rate can readily be assessed by varying this parameter.
The method neglects the possibility of extinct ridges within the ocean
basins at the reconstruction start time, although such ridges could be
added where they are thought to have existed. The additional assump-
tions and approximations involved in deriving the seafloor age distri-
bution at the oldest reconstruction time mean that the estimates of mean
seafloor age and associated quantities should be treated with particular
caution for the oldest ~50Myr of the reconstruction, after which time the
Fig. 1. Flowchart illustrating the process by which seafloor is generated,
tracked and subducted by applying our workflow to a topological plate
reconstruction.
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majority of the seafloor derived using the approach outlined above has
been subducted and replaced by new seafloor based on the approach
outlined in the next section.
2.2. Generation of seafloor tracking points during the reconstruction
A continuous topological reconstruction is typically defined so that
values can be extracted at 1 Myr increments (although for most deep time
reconstructions, the defined kinematics vary at much coarser timescales).
The boundary sections defined as mid-ocean ridges are identified from
specific GPML feature geometry attributes. These mid-ocean ridge lines
represent the sites where new oceanic lithosphere is created at each time,
and seed points are generated along mid-ocean ridge lines at each time
increment. Because the seed points are by definition created along the
boundaries of plate polygons, their initial motion cannot be determined
based on a unique plate polygon determined from a set of topological
polygons (these seed points are not ‘inside’ a topological polygon). Each
seed point along a mid-ocean ridge is used to generate two conjugate zero
age seafloor points, since mid-ocean ridge features are attributed with the
plate identities of the two plates sharing the boundary. The motion of the
seed points for their first time step is obtained from the stage poles
describing the absolute motions of these two plates. For all subsequent
time steps, these points are reconstructed following the procedure
described in Section 2.3.
2.3. Tracking seafloor through a topological reconstruction model
The logic of the method applied here is that each point is not tied to a
single plate throughout its lifetime. Instead, the plate to which each point
belongs is recalculated at each time increment, and then iteratively
reconstructed forwards in time based on the rigid body rotation of the
containing plate polygon at each time step. Tectonic processes that
involve a changing plate assignment for a persisting point include split-
ting or merging of plates within the ocean basins, a process recorded in
large areas of preserved crust in the Pacific basin.
Alternatively, where points cross a subduction zone, the crust is
considered to be destroyed. Subducting points are discriminated from
points involved in plate splits/merges based on their proximity to sub-
duction boundaries, and the difference in plate velocity at the point be-
tween successive time steps (a larger difference is likely to correspond to
subduction). Amore complete description of this algorithm is provided in
the Supplementary Material. Once the reconstruction of points for all
time steps has been completed, maps of seafloor age are computed using
piecewise linear interpolation on a sphere (Renka, 1997).
The source code to carry out all the steps described above is available
in an online repository (Williams, 2019). Input files to reproduce all the
seafloor age maps analysed in this study are provided both within this
repository and listed in the Supplementary Code.
3. Formulation of analysis
3.1. Alternative reconstruction scenarios
We generate seafloor age maps for two alternative topological re-
constructions spanning the last 410 Myr (Figs. 2 and 3): (1) Matthews
et al. (2016) (henceforth referred to as ‘M16’), which is largely a
merging of the 410 Ma to 250 Ma reconstruction of Domeier and
Torsvik (2014) and the 230 Ma to present reconstruction of Müller et al.
(2016); and (2) Young et al. (2019) (‘Y19’), which comprises an alter-
native scenario for Paleozoic times with the post-230 Ma reconstruction
largely unchanged from Müller et al. (2016). Differences between these
two reconstructions reflect the inherent challenges in reconstructing
plates and plate boundaries in pre-Jurassic times, as discussed by
Domeier and Torsvik (2017). Comparing the results for these two re-
constructions provides some idea of how different interpretations in
plate kinematics can propagate into seafloor age distributions, but it is
important to keep in mind that these reconstructions bear many simi-
larities. Most significantly, both reconstructions model a simple sce-
nario with a triple junction close to the centre of Panthalassa, with three
large plates diverging from this point and subducting around its
Fig. 2. Reconstructions of past seafloor ages for the reconstruction of Matthews et al. (2016), illustrated in 50 Myr intervals. A complete animation is provided in the
supplementary Amination 1 (M16_Animation).
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periphery. Since these oceanic plates are synthetic, the configurations
and spreading rates are conjectural and infinite alternative models with
different ridge lengths and/or spreading rates are possible. Further-
more, since Panthalassa covers over 50% of the oceanic area for the
entire period from 410 Ma to the birth of the Pacific Plate (Figs. 2 and
3), the computed global seafloor age distributions are strongly depen-
dent on interpolation or assumption for both plate boundary configu-
rations and spreading rates. We explore the sensitivity of our results to
model assumptions by varying the velocities of oceanic plates within
Panthalassa across a wide range of possible values. Within the scope of
this study, we do not consider alternative plate boundary configurations
beyond those in previous published studies, although this would be an
interesting avenue for future work.
We use polygons based on previous reconstructions (Matthews et al.,
2016) to define the extent of continental lithosphere. The areal extent of
these polygons increases through time. One contributing factor is the
increase in continental area as Pangea breaks up, which is greater than
the decrease in area due to collision. A second factor is the extent of
continental crust in accretionary orogenic belts such as within central
Asia, which are implied to have grown significantly in area during late
Paleozoic times. These ocean area changes have an influence on the
implied change in sea level; while it is beyond the scope of this study to
further explore changes in continental area within existing re-
constructions, we illustrate the influence of these changes in Supple-
mentary Fig. S3.
3.2. Computed quantities
From the reconstructions of seafloor age we extracted time-series of
mean seafloor age. We also used the age-depth relationship of Stein and
Stein (1992) to generate maps of basement depth from which we derive
time-series of mean depth, the contribution of ocean basin volume
change to global sea level using the relationship of Harrison (1988), and
oceanic heat flow following Loyd et al. (2007). Supplementary Fig. S3
compares results for alternative age-depth relationships and equations to
relate volume change to global sea level. To inform the discussion of
these results, we also analysed a range of quantities from the re-
constructions themselves, relating to plate boundary lengths, relative
plate kinematics at these boundaries, rates of crustal production and
destruction, and plate velocities based on crustal types (oceanic versus
continental).
3.3. Sensitivity analysis
Our sensitivity analysis concentrates on the plate velocities (and
therefore spreading rates) of oceanic plates within the Panthalassa
Ocean (Farallon, Izanagi, and Phoenix). We concentrate on these three
plates because they dominate the area of the now-subducted oceanic
crust, and because it is relatively straightforward to modify the veloc-
ities of these plates that are largely surrounded by subduction zones.
The Panthalassa plate configurations and plate motion rates within the
two reconstructions considered here are conjectural, and further are not
independently constructed—both assume three plates with a triple
junction close to the centre of the ocean to allow subduction in all di-
rections at the ocean margins. We therefore use a simple approach to
generate alternative age distributions where the Panthalassa plate
motions from the reconstructions are replaced with different, uniform
rates. To do this, we first computed the mean velocity of the Panthalassa
plates at 1 Myr increments for the original reconstructions. Then, for
each sensitivity test case we scale the velocities so that the mean ve-
locity averaged across the Panthalassa plates retains a constant value.
The values tested range from 50 mm/yr to 200 mm/yr, encompassing
the full range of values for mainly oceanic plates within the source re-
constructions (Fig. 4). Similar to Heller and Angevine (1985), these
analyses allow us to examine the extent to which changes in the age
distribution of other ocean basins besides Panthalassa contribute to
changes in global mean seafloor age.
Fig. 3. Reconstructions of past seafloor ages for the reconstruction of Young et al. (2019), illustrated in 50 Myr intervals. A complete animation is provided in the
supplementary Amination 2 (Y19_Animation).
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4. Results
4.1. Mean age, mean depth, and contribution to sea level
Reconstructions M16 and Y19 show a similar first-order trend the
mean age of reconstructed seafloor through time (Fig. 4). Mean seafloor
ages decrease by around 15 Myr through the Devonian, although the
values during the first 50 Myr closely depend on the assumptions used to
infer the seafloor age distribution at 410 Ma. Mean seafloor age increases
from the late Carboniferous to the Early Jurassic, by around 20 Myr for
model M16 and closer to 10 Myr for model Y19. From the Jurassic to
present, both sets of results converge as the reconstructions for post-230
Ma plate motions only present minor differences. In both cases, the mean
seafloor age decreases by> 15Myr during the Jurassic–Early Cretaceous,
before increasing by > 20 Myr from the Early Cretaceous to present day.
Results generated with uniform mean plate velocities for Panthalassa
between 50 mm/yr and 200 mm/yr define an envelope of mean seafloor
ages from <30 Myr to >90 Myr. For each case where a given uniform
plate velocity is imposed in Panthalassa, the global mean seafloor ages
varies through time by up to tens of Myr, for example due to changes in
the ocean configurations elsewhere on the globe.
As expected, mean ocean basin depth and contribution to sea-level
change (Fig. 5) follow the same trend as for the mean age (though
with opposite sign) with two peaks, the first during the Carboniferous
and the second in the Early Cretaceous. Model M16 suggests that
changing ocean basin volume could have contributed to increasing sea
level by around 240 m compared to present day, similar to the difference
between present day and the Early Cretaceous. In contrast the maximum
sea-level change contribution isþ170m relative to present day for model
Y19. Note that these values are based solely on the contribution of
changing seafloor age distribution to changing ocean basin volume and
sea level andmake no attempt to account for other factors influencing sea
level over geological timescales such as changing ocean basin area
through time, extent of ice-sheets, seafloor volcanism, marine
sedimentation, and dynamic topography (Müller er al, 2008; Conrad,
2013).
Fig. 4. (a) Plate velocities for reconstruction M16 subdivided on the basis of crustal type. Velocities are calculated separately for plates comprising more than 50%
continent, for plates comprising more than 90% ocean, and plates that fall into neither of these two categories; (b) same as Fig. 4a but for reconstruction Y19; (c)
computed mean age of the oceanic lithosphere for reconstruction M16 as published (thick line), with additional curves for notional cases based on the same
reconstruction but with the velocities for plates within Panthalassa scaled to achieve the following mean velocities: 50 mm/yr, 100 mm/yr, 150 mm/yr and 200 mm/
yr (the kinematics of all other plates remains unchanged). The mean age time series for each of these cases are shown as dashed lines (for clarity only the highest and
lowest of these values are labelled); (d) same as Fig. 4c but for reconstruction Y19.
Fig. 5. (a) Contribution of changing mean depth of oceanic lithosphere to
change in global sea level based on the M16 reconstruction. Thick line is based
on the published reconstruction, dashed lines show results of sensitivity tests in
which the mean velocity of plates within Panthalassa (Izanagi, Farallon and
Phoenix) are forced to maintain constant values of 50, 100, 150 and 200 mm/yr
respectively (Fig. 4); (b) same as Fig. 5a but for the Y19 reconstruction.
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4.2. Oceanic heat flow and age-area distribution
First-order trends in mean oceanic heat flow (Fig. 6) follow those of
mean age, with peaks in heat flow corresponding to the times of lowest
mean seafloor age (Fig. 4), as expected. The mean oceanic heat flow at
these peak times in the Carboniferous and Early Cretaceous reach around
1.4 times the present day value for model M16; for model Y19, the
Carboniferous peak is closer to 1.2 times present day. The oceanic heat
flow curves show a greater variability over timescales of <50 Myr, since
the overall heat flow is particularly sensitive to changes in the amount of
very young oceanic crust where heat flow is up to an order of magnitude
higher than the oldest seafloor.
To more clearly illustrate the deviation between the age-area distri-
butions as a function of reconstruction time (Fig. 6) and the triangular
distribution for the baseline M16 and Y19 models, we additionally plot
the residual values computed by subtracting the best-fitting straight-line
fit to the distribution at each reconstruction time. These plots show a
close-to triangular distribution at present day, while the reconstructed
distributions show a variety of shapes, typically with the distribution
skewed towards younger seafloor than a triangular distribution. Note
that these plots do not capture information from the sensitivity tests.
4.3. Production and subduction of oceanic lithosphere
Changes in seafloor age distribution reflect changes in plate boundary
length and rates of convergence and divergence at these boundaries
(Fig. 7). The total ridge length is similar in both models (Fig. 7A);
however mean spreading rates show greater variability (Fig. 7B).
Notably, model M16 features two periods of rapid spreading in the late
Paleozoic which result in rapid crustal production (Fig. 7C). Model Y19
also features elevated spreading rates at similar times (Fig. 7B), although
the variability is smoother and smaller in magnitude. The short-term
peaks in crustal production (Fig. 7C) explain short-lived peaks in mean
oceanic heat flow (Fig. 6), with peaks in heat flow lagging behind the
crustal production peaks by a few million years as the youngest crust
rapidly cools.
The length of subduction zones during the Paleozoic is consistently
larger in model M16 than in model Y19 (Fig. 7D). Mean convergence
rates do not show systematic differences between the two models
(Fig. 7E), although the absolute Root Mean Squared (RMS) velocities for
both continental and oceanic plates are much greater in model M16
throughout much of the Paleozoic, their absolute motions combine in
such a way that the relative velocities at subduction zones do not differ
significantly from model Y19 in which Paleozoic velocities are lower.
The mean age of subducting lithosphere is systematically larger for
model Y19 (Fig. 7F) which primarily reflects the greater number of
subduction zones consuming oceanic crust while it is still young in
model M16 (Fig. 7D). Overall, systematic differences in the subduction
length and mean age of subducting lithosphere counterbalance one
another to produce similar rates of subduction volume flux when
convergence rate and lithospheric thickness are taken into account
(Fig. 7G).
Fig. 6. (a) Mean oceanic heat flow through time based on reconstruction M16; (b) same as Fig. 6a but for reconstruction Y19; (c) age-area distribution through time
for results in Fig. 6a; (d) age-area distribution through time for results in (b), with both colour and contours used to represent the area of sea floor within each 10 Myr
bin; (e) residual of Age-area distribution, computed as the difference between each column in Fig. 6c and the best-fitting line to that distribution; (f) same as Fig. 6e,
but computed from the results in (d). (e–f) A triangular distribution at any given reconstruction time would yield a residual of zero (and hence a column of white cells).
Instead, the colours show that the distributions are often biased to having more young crust and less old crust than the triangular case. The dashed lines in Fig. 6a and b
shows the sensitivity of results to spreading rates in the Panthalassa Ocean.
S. Williams et al. Geoscience Frontiers 12 (2021) 769–780
774
5. Discussion
5.1. Comparison of reconstructed mean seafloor age with previous
estimates
The ~25Myr increase in mean seafloor age from the Early Cretaceous
to present is similar to previous estimates from reconstructions (Seton
et al., 2012; Müller et al., 2016; Fig. 8). Our results are inevitably similar
to those of Müller et al. (2016) throughout the last 230 Myr since the
reconstructions are the same, differing only in how seafloor older than
230 Myr old is extrapolated. The mean seafloor age from these re-
constructions differ by > 10 Myr from earlier reconstructions (Seton
et al., 2012) in the Jurassic, reflecting a number of updates to modelled
spreading in the Panthalassa and the addition of backarc basins (see
Müller et al., 2016).
Turning to pre-Jurassic times, a previous study by Verard et al. (2015)
presented estimates of the mean age of oceanic lithosphere for the entire
Phanerozoic (Fig. 8) that are broadly consistent with other studies for the
last 170 Ma. In the Paleozoic the mean seafloor age is much younger than
estimated by other reconstructions, with mean ages in the range 20–25
Myr during the period 400–350 Ma, with the mean age gradually
increasing to ~55 Myr old in the Jurassic. The reconstructions used by
Verard et al. (2015) are proprietary, making it difficult to assess the
origin of this difference. However it seems that increasing mean plate
velocities and increasing rates of crustal production in these re-
constructions lead to decreasing mean seafloor age through the
Phanerozoic.
Zhang and Zhong (2011) studied the temporal variation in global
surface heat flux through the Phanerozoic using geodynamic models of
mantle flow constrained by paleogeographic reconstructions. Their
analysis relied on a relatively simple reconstruction for the Paleozoic,
both temporally and spatially. The reconstruction is defined in stages
>50Myr long during the Paleozoic, with spreading ridges confined to the
Panthalassic ocean—in contrast, both model Y19 and the work of
Domeier and Torsvik (2014) incorporated into model M16 include
spreading ridges within the Rheic, Paleotethys, and Mongol-Okhotsk
oceans as well as other smaller basins either opening as back-arcs or
accommodating motion between East Asian blocks. The results of Zhang
and Zhong (2011) showed a lowmean seafloor age in the mid-Cretaceous
consistent with other reconstructions, although with a lower amplitude
(Fig. 8). Before the Cretaceous, their estimate of mean seafloor age shows
relatively little variation, in contrast to reconstructions that include more
detailed geological interpretations.
Previous studies attempted to infer the history or seafloor mean age
using alternative methods that do not involve reconstructing lost oceans
explicitly. Cogne and Humler (2008) proposed a relationship between
mean seafloor age and a scatter index of continental land-masses, which
they used to infer values of mean seafloor age through time based on the
reconstructed configurations of the continents. The range of mean age
variation considered by Cogne and Humler (2008) is much lower than
those based on seafloor reconstructions (Fig. 8). Their study assumed a
constant average spreading rate through time, and only considered
average spreading rates between end member values of 20 mm/yr and
50 mm/yr, representing a relatively narrow view of the possible average
(caption on next column)
Fig. 7. Time variations in the lengths of plate boundaries and rates of plate
boundary processes according to the two reconstructions in this study, shown in
red (M16) and blue (Y19) respectively, subdivided into divergent (a–c) and
convergent (d–g) plate boundaries. (a) total ridge length; (b) mean spreading
rate; (c) crustal production at spreading ridges; (d) total subduction zone length;
(e) mean trench orthogonal convergence rate; (f) mean age of subducting sea-
floor; (g) flux of subducting lithosphere, using the relationship between seafloor
age and lithospheric thickness of Steinberger and Becker (2018, their Eq. 8) for
ages younger than 100 Myr, and a constant thickness of 100 km used for older
seafloor. The dashed lines in Fig. 7e‒g show the sensitivity of results to
spreading rates in the Panthalassa Ocean.
S. Williams et al. Geoscience Frontiers 12 (2021) 769–780
775
spreading rate variation over geological time. Alternative estimates for
average spreading rates within preserved seafloor (e.g. Conrad and
Lithgow-Bertelloni, 2007) allow for much greater average spreading
rates, in particular during periods when a greater proportion of spreading
centers lie within basins whose margins are dominated by subduction
zones (rather than passive margins). Furthermore, Cogne and Humler
(2008) relied on paleogeographic reconstructions that only consider the
major continents, and neglect numerous smaller continental blocks for
example in East Asia. Consequently, Cogne and Humler (2008) modelled
negligible change in mean-ocean age for ~200 Myr of Pangea assembly
during a time when both more detailed reconstructions and proxy esti-
mates indicate significant variations.
Finally, van der Meer et al. (2017) derived an estimate of mean sea-
floor age since the late Neoproterozoic based on strontium isotope re-
cords. By computing corrections for weathering inputs, they attempted to
isolate the flux of strontium from the mantle across the entire Phanero-
zoic and late Neoproterozoic, and interpreted this record in terms of
crustal production rate and mean seafloor age through time. The
resulting time series (Fig. 8) shows long-period fluctuations, with rela-
tively young mean seafloor ages (<40 Myr) in the late Paleozoic and
Cretaceous and older ages (~60 Myr) in the Triassic and at present. To
first-order, these long-term trends show some agreement with the results
from reconstructions. The most obvious mismatch between the
strontium-based curve and values derived from plate tectonic re-
constructions is in the Jurassic, when reconstructions suggest much older
mean ages. The strontium-based curve also shows much greater
short-term variability than captured by the reconstructions.
5.2. Comparison with modelling studies
Various modelling studies provide important insights into how and
why seafloor age distributions could vary through time (as suggested by
Figs. 4 and 6). Demicco (2004) and Becker et al. (2009) used analytical
formulations to show how the present-day triangular distribution may
simply be a snapshot of a system with significant time-variation rather
than evidence for a system in steady-state. Earlier studies have outlined
conceptual models for how mean seafloor age could be expected to vary
through different stages of supercontinent assembly and dispersal. Both
Worsley et al. (1984) and Heller and Angevine (1985) illustrated how
age-area distributions vary depending on the type of ocean basin:
‘Atlantic-type’ basins surrounded by passive margin and with no sub-
duction are characterised by a rectangular distribution (assuming con-
stant spreading rate), while ‘Pacific-type’ basins surrounded by
subduction are more likely to present a triangular distribution. These
models provide a simple explanation for changes in the global distribu-
tion through time as different types of basins grow or shrink; mean
seafloor age decreases during the initial opening of Atlantic-type oceans
as a supercontinent breaks apart, before increasing again once the
Atlantic-type oceans grow further in size, a trend consistent with re-
constructions of seafloor age during Pangea breakup (Fig. 8). Worsley
et al. (1984) proposed that mean seafloor age would decrease during
supercontinent assembly as Atlantic-type oceans are closed. Results from
reconstructions tell a more complex story during the time of Pangea as-
sembly, with temporal variations in active ridge length within oceans
between and around East Asian continental blocks modulating the global
mean seafloor age, so that a systematic decrease is not apparent.
Numerical models similar to those of Rolf et al. (2018) show that
although the age-area distribution may average out to a roughly trian-
gular distribution over billions of years, this can mask significant vari-
ability between different stages in Earth’s evolution with non-triangular
(flat or skewed) distributions commonly produced (Coltice et al., 2013).
Non-triangular distributions emerge in response to certain tectonic set-
tings; for example, rectangular distributions are favoured when there are
fewer individual continental masses to influence the global pattern of
mantle downwellings, while periods of new plate boundary formation
and flow reorganisation result in distributions skewed towards younger
seafloor ages. The distribution is close to triangular before Pangea as-
sembly, although with a steeper gradient for model M16 than for model
Y19 (Fig. 6). Once Pangea is assembled, the distribution becomes more
rectangular, before a burst of new spreading ridge formation at around
150 Ma skews the distribution to young values—consistent with the
analysis of Coltice et al. (2013) based on an earlier reconstruction. The
skewed distribution has gradually evolved since the late Cretaceous into
a triangular distribution at present day, which could reflect both changes
in the lengths and spreading rates and lengths of mid-ocean ridges in the
Pacific basin (e.g. Conrad and Lithgow-Bertelloni, 2007) and cooling in
response to the breakup of Pangea (Rolf et al., 2012).
5.3. Can we reconcile reconstructions with constant mean seafloor age?
The extent to which the distribution of seafloor ages and rates of
crustal production and destruction have varied through time have been
debated for several decades. Some favour a steady-state view of seafloor
formation (e.g. Rowley, 2002; Cogne and Humler, 2004) in which the
age-area distribution through time varies little from the approximately
triangular distribution observed at present day. Others interpret the same
present-day distribution to result from a much more variable history of
seafloor production (e.g. Conrad and Lithgow-Bertelloni, 2007). There
are clearly large uncertainties in interpreting even the record of seafloor
spreading that is preserved, and other lines of observation can provide
insights into these long-term trends. Strong variations in crustal pro-
duction have been inferred from geodynamic models (Coltice et al.,
2013) and from seismic tomography (Shephard et al., 2017) over the last
~200 Myr, as well as over the entire Phanerozoic from the strontium
isotope record (Van der Meer et al., 2017), although each of these esti-
mates require a number of additional assumptions.
Since the velocities and configurations of plates within Panthalassa
are unknown, we could derive hypothetical models in which they move
with velocities similar to those of oceanic plates from the late Mesozoic to
present, and therefore obtain relatively small changes in mean seafloor
age and sea-level change. On the other hand, the configurations of the
surrounding continents and terranes, and the spreading systems between
them, must honour observations from paleomagnetism and geology (e.g.
Fig. 8. Comparison between temporal variation in mean seafloor age derived
from topological reconstructions and estimates from previous studies. The red
and blue curves are the same as in Fig. 4, with the faint red and blue envelopes
showing the range of sensitivity tests also shown in that figure. VDM17 is taken
from Van der Meer et al. (2017) and is based on linking strontium isotopes to
ocean crust production. Ve15 is digitised from the figure in Verard et al. (2015),
who derived their estimate using a closed-source tectonic reconstruction. ZZ11
is taken from the numerical modelling study of Zhang and Zhong (2011). CH08
is the estimate of Cogne and Humler (2008) in which mean seafloor age is
inferred from the scatter index of continents in paleogeographic reconstructions.
Se12 shows the estimate based on the reconstructions of Seton et al. (2012),
while Mu16 is based on the reconstructions from Müller et al. (2016).
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Domeier and Torsvik, 2017). These constraints are still far from yielding
a unique solution for Paleozoic plate configurations as the differences
between the M16 and Y19 reconstruction models illustrate, and Domeier
and Torsvik (2014) suggested that reconstruction uncertainties may to
some extent explain more rapid plate motions in the Paleozoic compared
to more recent times. With this limitation in mind, some broad inferences
can be drawn from the currently available reconstructions. Continental
plate velocities in the late Paleozoic for both models M16 and Y19 are
typically several times greater than those in the last 150 Myr. Hence, a
reconstruction with a more uniform mean seafloor age through time
would also result in long periods during which the RMS velocity of
oceanic plates would be considerably lower than the RMS velocity of
continental plates (Fig. 4). Such a scenario would contrast with the ratio
of oceanic to continental velocities both at present day (Forsyth and
Uyeda, 1975), and from reconstructions of the last 150 Myr (Fig. 4). The
faster motion of oceanic plates is commonly attributed to the dominance
of slab pull in driving plate motions. Numerical models of mantle con-
vection with self-consistently generated plate tectonics including conti-
nents (Rolf et al., 2018) show that both continental and oceanic RMS
velocities, and the ratio between them, can vary considerably over
timescales of 10–100 s of Myr. The results of Rolf et al. (2018) allow for a
scenario with significantly faster continental plates in the late Paleozoic
than in theMesozoic onwards, but require the average oceanic velocity to
always be greater than the average continental velocity.
When uniform rates of plate motion are applied within Panthlassa,
the reconstructed mean seafloor age still shows significant variation
before 200Ma (Figs. 4 and 5). This variation reflects changes in the mean
age of the seafloor in smaller ocean basins reconstructed between
Gondwana, Laurussia, Siberia, and smaller East Asian blocks—notably
the Rheic, Paleo-Tethys, Mianlue, Mongol-Okhotsk, and Paleoasian
oceans (Domeier and Torsvik, 2014; Young et al., 2019). While the de-
tails of these oceans differ between reconstructions M16 and Y19, in both
cases the total ridge length of these marginal ocean basins decreases
during the late Paleozoic so that the global ridge length also decreased
(Fig. 7a), even though the size of Panthalassa increased. Reconstructions
also suggest that many of these basins were bounded by subduction
systems, so that although rates of plate motion (and therefore spreading
rates) are unknown, they are expected to have been strongly affected by
slab pull forces and therefore closer to rates recorded in the present Pa-
cific Ocean basin than in the Atlantic Ocean Basin. These factors provide
an explanation for a decrease in crustal production and increase in mean
seafloor age throughout the late Paleozoic until these trends reverse as
Pangea began to break apart.
A further likely limitation of the reconstructions used in this study lies
in the representation of intra-oceanic plate configurations, and specif-
ically the possibility that more intra-oceanic subduction systems existed
in the past. Interpretations of seismic tomography (e.g. Van der Meer
et al., 2012) suggest that Panthalassa may have contained intra-oceanic
subduction zones not considered in the reconstructions used in this
study. Modelling studies also suggest that a greater amount of
intra-oceanic subduction should be expected during times of supercon-
tinent assembly (Ulvrova et al., 2019). Such a scenario could reduce
mean seafloor age by requiring a greater length of mid-ocean ridges to
balance the additional subduction, decreasing the mean age of sub-
ducting seafloor unless the rates of seafloor spreading and convergence at
subduction zones are decreased to compensate. The consequence would
be particularly pronounced for the times where the mean seafloor age
from existing reconstructions was relatively old, notably the early
Mesozoic, so that the mean seafloor age may have been younger during
this time period than the results indicated in Fig. 4 and therefore less
similar to present-day.
In summary, for the mean age of the seafloor to have remained fairly
constant since the late Paleozoic would require either: (1) to reconstruct
the continents so that their late Paleozoic velocities were considerably
lower while still honouring available constraints, or (2) accept that
continents were moving on average faster than oceanic plates during
much of this time period. Furthermore, rates of crustal production within
Paleozoic ocean basins other than Panthalassa would have to be reduced
(by reducing one or both of the ridge lengths and spreading rates) to
achieve a mean seafloor age closer to present-day values.
5.4. Implications for long-term ocean basin volume and surface heat flow
We compare the contribution of changing mean seafloor age to sea
level to previously published estimates of continental flooding, and
global sea level (Fig. 9). Two important limitations of the sea level
comparison need to be acknowledged. Firstly, numerous other factors
make important contributions to long-term sea-level change (Müller
et al., 2008; Conrad, 2013), so we do not expect true sea-level variations
to follow the contribution of changing mean seafloor age alone. Sec-
ondly, many previous sea-level curves have assumed that the long-term
component is driven by ocean basin volume change, and earlier esti-
mates of ocean basin volume change have influenced the long-term
component of some sea-level curves (e.g. Haq and Schutter, 2008).
Algeo and Seslavinsky (1995) derived a Paleozoic sea-level curve solely
based on continental flooding, which is independent of any ocean basin
volume estimate. A common feature of previous sea-level curves is the
two broad sea-level highs in the Phanerozoic, the first during the
Paleozoic and the second in the mid-Cretaceous. These first-order sea--
level highs are bounded by lowstands in the earliest Paleozoic, Triassic,
and at present-day, and are mirrored by the first-order trends in the
proportion of continental flooding within various paleogeographic in-
terpretations (Fig. 9a). The close alignment between the Cretaceous
highstand and changes in ocean basin volume has been extensively dis-
cussed in previous work (Conrad, 2013).
Fig. 9. (a) Estimates of flooded continental area since the late Paleozoic from
alternative paleogeographic interpretations; the curves are taken from the sup-
plementary data of Cao et al. (2017) and based on the original studies of Ronov
et al. (1994), Walker et al. (2002), Blakey (2008) and Golonka (2012 and ref-
erences therein). (b) Comparison between the contribution to change in global
sea level from seafloor age reconstructions and previous global sea level curves.
Abbreviations not used in previous figures are: H92‒Hallam (1992); HHS‒
composite of Haq and Al-Qahtani (2005) for Triassic to present and Haq and
Schutter (2008) for the Paleozoic; AS95‒Algeo and Seslavinsky (1995).
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For pre-Jurassic times, the curves generated in this study suggest
changing mean seafloor age could explain part of the late Paleozoic
highstand, although significant contributions from other factors would
be required to match any of the published sea-level curves. The ampli-
tude of sea-level change of Algeo and Seslavinsky (1995) is not much
more than 100 m in the late Paleozoic, similar to the range obtained for
model Y19. Model M16 suggests larger sea-level fluctuations (over 200
m) before the Jurassic, comparable to the estimates of Hallam (1992).
Changes in seafloor age could have been the dominant control on
first-order late Paleozoic sea-level change (Fig. 9b), modulated by net
contributions from other factors that would either increase or decrease
global sea level at different times. The apparent increase in sea level
before 350 Ma in both models is highly uncertain; the sensitivity tests
show that the contribution to sea level could be flat or decreasing during
this time for different mean velocities of the synthetic oceanic plates
within Panthalassa during this time.
Unlike changes in mean seafloor depth, the consequences of which
can be inferred from geological evidence such as changes in continental
flooding, the time dependence of oceanic heat flow is difficult to infer
independently. Becker et al. (2009) showed that reconstructions of sea-
floor age back to 140 Ma are consistent with theoretical models in which
subduction probability is governed by plate buoyancy and spreading
rates vary. They interpreted the ~10%–25% decrease in heat flow since
~100 Ma as part of a cyclical trend with a period of around 240
Myr—both the amplitude and timescale of this model is in agreement
with the oceanic heat flow from both models M16 and Y19. More
broadly, variations in global heat flow have been linked to changes in the
behaviour of the geodynamo (Zhang and Zhong, 2011; Biggin et al.,
2012). Without considering the mechanisms that link surface plate mo-
tions, surface heat flux, core-mantle boundary heat flux and core dy-
namics, we note that peaks in surface heat flux ~200 Myr apart broadly
correspond to the onset of the Kiaman (316–262 Ma) and Cretaceous
(121–83 Ma) superchrons. Hounslow et al. (2018) analysed the fre-
quency of all geomagnetic reversals since the early Paleozoic and pro-
posed that the reversal rate is modulated by the time-varying area flux of
subducted material in model M16. Our subducted volume flux for model
M16 (Fig. 7g) is consistent with that of Hounslow et al. (2018, their
Fig. 1), and the subducted volume flux for model Y19 shows similar
broad trends although differing in detail, notably in implying that the
two broad pre-Jurassic peaks in subduction flux occurred a few 10 s of
Myr later than in model M16. In both cases, the sensitivity analyses show
howmodest changes in the kinematics assumed for synthetic Panthalassa
plates could significantly change these fluxes.
5.5. Limitations of this and previous approaches
The general challenges in generating plate tectonic reconstructions
for times when little or no ocean crust is preserved are well documented
(e.g. Müller et al., 2016; Domeier and Torsvik, 2017). Much attention has
been given to the question of how to reconstruct continental configura-
tions for times for which paleomagnetic data provide the primary
constraint, and previous studies have demonstrated that the opening of
past ‘Atlantic-type’ oceans can be reconstructed with some detail (Dal-
ziel, 1997). However, reconstructing ocean basins such as Panthalassa
presents additional challenges (Ruban et al., 2010). Reconstructions of
Panthalassa and the Pacific Oceans since the Triassic are likely to be
improved in the future as constraints from seismic tomography improve
(Van der Meer et al., 2012; Shephard et al., 2017). Indirect measures to
gauge the plausibility of Panthalassa for pre-Triassic times include
establishing connections between the rates of subduction at convergent
margins and geological proxies (Domeier et al., 2018), or testing the
modelled age of subducting lithosphere against ages inferred from ocean
plate stratigraphy recorded in accretionary prisms (Isozaki, 2014; Safo-
nova and Santosh, 2014).
The approach to derive seafloor age maps presented here differs from
previous efforts focused on some or all of the Mesozoic (Xu et al., 2006;
Müller et al., 2008, 2016). Notably, the source data for the workflow used
here are topological reconstructions, which can be created and updated
using the open-source software platform GPlates (Gurnis et al., 2018).
There are both advantages and disadvantages to this approach. On the
positive side, it is relatively straightforward to modify the source data
and generate new seafloor age maps each time changes are made. The
implementation of an automated procedure to detect when seafloor
should be subducted is more efficient than previous methods where this
step was performed manually. A disadvantage is that the method used
here assumes that spreading is always symmetric, with the exception of
relatively large ridge jumps that are defined by changes in the spreading
ridge geometries. While such an assumption is reasonable for
now-subducted oceanic crust for which no constraints are available, for
preserved crust the method used by Müller et al. (2008) to determine
small-scale spreading asymmetries within preserved crust by interpo-
lating between isochrons remains a better option. The seafloor age maps
presented here are therefore less accurate than previous methods for
crust preserved at present day (Supplementary Figs. S1–S2). The effect of
spreading asymmetry is negligible for global results (Figs. 4–6), but it
would be more significant where a precise seafloor age is needed to
compare against other observations. Therefore, present-day maps
generated here should not be considered as replacements for maps
generated by interpolating between isochrons constrained by magnetic
picks. The main advantage of the method used here is the efficient cre-
ation of seafloor age maps for lost ocean basins, for which uncertainties
are larger, making it feasible to test a wide range of scenarios in deep
geological time. Beyond the analysis presented here, these re-
constructions are a key element in developing geodynamic models with
imposed plate motions, which assimilate the lithospheric thickness of
subducting plates. This is an essential prerequisite for calibrating models
of subduction-driven plate motion, mantle flow, and dynamic topog-
raphy through time, which in turn modulate basin subsidence and uplift,
erosion and sedimentation, the drainage of river systems and surface
environments.
6. Conclusions
Topological reconstructions make it possible to efficiently compute
global seafloor age distributions through geological time. From these,
variations in the mean age of the seafloor and their contributions to
changes in sea level and surface heat flow can be derived, along with the
sensitivity of results to assumptions.
Our results show that current reconstructions produce changes in
mean seafloor age that make a positive contribution of >150 m to sea
level (relative to present-day) during the late Paleozoic, falling to almost
zero since the Jurassic, with another >200 m positive contribution
during the Cretaceous. First-order trends show a broad agreement with
some previous estimates of past mean seafloor age, however the re-
constructions used here do not corroborate a long-term decrease in mean
age (Verard et al., 2015), and differ from the near-constant seafloor age
deduced from a proxy method based on continental configurations
(Cogne and Humler, 2008). Instead, our results show that the re-
constructions currently available for analysis produce long-period fluc-
tuations in mean seafloor age, contribution to sea-level change, and
surface heat flow within the oceans which show broad agreement with
long-term trends from continental flooding and the strontium isotopes
record, as well as seafloor age distributions predicted by numerical
models of mantle convection with self-consistent plate tectonic behav-
iour (Coltice et al., 2013).
Major uncertainties remain in reconstructing past ocean spreading
systems. By simply changing the mean plate velocity of synthetic oceanic
plates within Panthalassa, a wide range of alternative scenarios are
possible for the long-term trends in seafloor age, including scenarios in
which the mean age remains approximately constant. Such a scenario
would require either that current reconstructions need to be modified
such that the continents move more slowly in the late Paleozoic, closer to
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their rates of motion in more recent times; or, that the oceanic plates
were moving significantly more slowly on average during the late
Paleozoic than continental plates, which is inconsistent with existing
work on the ratio of tectonic speeds between plates that mainly consist of
continental lithosphere and those that are mainly oceanic.
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